After several decades of advances, simulation has become an important tool in the modeling of transportation systems and is widely applied in practice. Guides have been created by organizations in several countries, and dozens of papers have been published in scientific journals on the theory and application of transport simulation; these works are aimed at guiding practitioners in the use of simulation tools. However, transport simulation still lacks a unified and comprehensive guide for use in practice. The lack of such a document leads to conflicts between modelers, agencies, and decision makers and allows inappropriate use of the models. The outcome is often inaccurate results, inefficient use of resources, and conflict. This paper reviews and analyzes the existing transportation simulation guides. It identifies gaps and limitations and proposes an outline for a comprehensive simulation manual that is based on stakeholder input. Review of the existing guidance documents reveals that almost all these documents focus on traffic operations, and they provide either broad guidelines for building simulation models or advice on using a specific software product. Other issues, particularly those related to topics such as safety assessments, environmental impacts, public transportation, pedestrians, bicycles, simulation algorithms, agent-based simulation, and multimodal simulation, are addressed in only a cursory fashion. This paper proposes a possible structure for a transportation system simulation manual that would cover the limitations and gaps in the existing literature. The proposed document would consist of five volumes: concepts, model building, verification and validation, results analysis, and case studies and supplementary materials.
Over the past 30 years, simulation has moved from the academic world into professional use. Simulation has become a prevalent tool for analyzing a wide range of dynamic problems. A recent U.S. White House report identified computer modeling and simulation as one of the key enabling technologies of the 21st century. The increasing power of computer technologies and the evolution of software engineering have fostered its general use; the growing complexity of congested networks and the advent of intelligent transport system technologies have encouraged its use in transportation. Many simulation-based software packages are now available and are being used by thousands of consultants, researchers, and public agencies. Simulation is used in a variety of contexts, including the modeling of traffic operations, safety, emissions, public transportation, and pedestrian movements. A number of guidelines and software packages have been developed in several countries, including Australia, Canada, Germany, Japan, New Zealand, the United Kingdom, and the United States. Dozens of papers have been published in scientific journals on the theory and application of simulation in the context of transportation operations; these papers are aimed at guiding practitioners in the use of simulation tools. However, transport simulation still lacks a unified and comprehensive guide for its use. The aim of this paper is to survey the existing transport simulation guides and present an outline for a transportation system simulation manual (TSSM) that covers the identified limitations and gaps from known existing documents.
The rest of this paper is organized as follows. First, a literature review of existing simulation guides is presented. The review reports the extent to which these guides focus on traffic operations, safety, emissions, public transportation operations, pedestrians, bicycle flows, simulation algorithms, agent-based technology, and multimodal simulation. Second, the outline for a proposed TSSM is presented, highlighting the material that would be covered in each of four volumes. Finally, the paper presents conclusions and recommendations about the value of such a document and a mechanism by which it could be developed.
Existing simulation guidEs
For the most part, existing simulation guides focus on traffic operations and not safety, environment, public transportation, pedestrians, and bicycles. Undoubtedly, this focus is a reflection of the main motivation for using simulation: to study freeway and arterial networks and assess their traffic performance. In addition, such studies are in support of development and infrastructure investment decision making, operational changes, or both, so the performance of such networks, as far as traffic is concerned, is of the greatest interest.
united states
In the United States, the main source document for advice in conducting simulation is the FHWA Traffic Analysis Tools Program (1). The program guidance comprises several volumes. The name Traffic Analysis Tools is a collective term used to describe a variety of
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software-based analytical procedures and methodologies that support different aspects of traffic and transportation analyses. These tools include methodologies for sketch planning, travel demand modeling, traffic signal optimization, and traffic simulation. The volumes related to simulation are as follows:
Volume I: Traffic Analysis Tools Primer contains an overview of traffic analysis tools in the transportation analysis process.
Volume II: Decision Support Methodology for Selecting Traffic Analysis Tools builds on Volume I and identifies the criteria that should be considered in the selection of a suitable traffic analysis tool and the conditions for when a particular type of tool should be used.
Volume III: Guidelines for Applying Traffic Microsimulation Modeling Software is the volume most relevant to the topic addressed in this paper; it recommends a process for using traffic simulation software in transportation analyses and provides a generic seven-step process that begins with the project scope and ends with the final project report.
Volume IV: Guidelines for Applying CORSIM Microsimulation Modeling Software describes a process and provides guidelines for the use of CORSIM traffic simulation software in transportation analyses, and it follows the seven-step process presented in Volume III. Volume XIV: Guidance on the Utilization of Dynamic Traffic Assignment provides recommendations for applying dynamic traffic assignment in transportation modeling; this document does not provide great detail on methods of dynamic traffic assignment application, however.
The Highway Capacity Manual
The Highway Capacity Manual (HCM) also provides guidance about the use of simulation. The material related to simulation was created as a part of NCHRP Project 03-85 (2) . The objective of the project was to develop guidelines to assist analysts in the use of alternative traffic analysis tools to conduct the types of analyses that are within the domain of the HCM. The results were incorporated into the 2010 edition of the HCM (3) under NCHRP Project 03-92. Each chapter in Volumes 2 and 3 contains sections on use of alternative tools.
State Departments of Transportation
Several state departments of transportation have prepared simulation guides. As with the FHWA tools and the HCM, these documents focus primarily on traffic simulation. Some are slightly more detailed and contain references to specific software programs. Others endorse, amplify, or extend the FHWA guidelines. Following are some examples of these documents.
The Virginia Department of Transportation has developed the Microscopic Simulation Model Calibration and Validation Handbook (4) . This handbook covers calibration in more detail than do the FHWA tools. The handbook explains validation as being the final step of the calibration process, during which simulation outputs are compared with field data and not used in setting the model parameters. The handbook offers model-specific guidance for the use of Vissim and CORSIM. It helps users with the step-by-step process and includes background information for the statistical analysis of data.
The California Department of Transportation has developed a simulation guide that covers the use of commercially available microsimulation software programs (5) . The guide emphasizes when and how to apply microsimulation in combination with or in parallel to other software tools to evaluate the traffic operations of project alternatives. The manual also has general guidelines about task budgeting, assessing the technical validity of the results (calibration), and following techniques for presenting the microsimulation results to management and the public. Unfortunately, the manual does not appear to have been updated since 2002.
Washington State (6) and Oregon (7) have developed guides that focus on the use of Vissim. Minnesota published a guide similar to the FHWA materials, but with more specific information about the use of CORSIM (8) . Florida (9) has developed a guide that incorporates features of the FHWA, Minnesota, Oregon, and Virginia manuals.
other Countries and locales
Several countries and urban agencies have developed guides for the use of simulation tools. As with the U.S. documents, these guides focus almost exclusively on traffic operations.
The United Kingdom has two important guides related to transportation, which are comparable to the HCM, and two manuals specifically focusing on simulation. The Design Manual for Roads and Bridges provides official standards and other documents relating to the design, assessment, and operation of trunk roads, including motorways (10) . The other important manual related to transportation is WebTAG (11). The standards and guidelines in WebTAG are based on travel demand. Both of these documents make little reference to microsimulation and are more oriented to specifying general principles of model scope, model calibration, and validation. For the application of microscopic traffic simulation, there are more specific manuals, including those produced by the Highways Agency (12) and Transport for London (13) . The Highways Agency guide provides advice on the development, application, and reporting of microsimulation models. This guide is supplemental to the guidance given in the Design Manual for Roads and Bridges and WebTAG, especially with regard to model validation and calibration. This manual contains broad guidelines for when to apply simulation, the selection of software, and how to set up a model, and it mainly emphasizes the modeling and simulation of trunk roads. The Transport for London guide consists of two parts. In Part A, general guidelines provide a high-level understanding of traffic modeling and have some overlaps with the Highways Agency manual. Part B contains more details about how to set up a model in Vissim (14) , Paramics (15) , and Aimsun (16) , which are the three main traffic software programs used in London. Signalized intersection optimization is the main focus of this manual.
Australia has developed four guides focused on microsimulation. The first, The Use and Application of Microsimulation Traffic Models, covers calibration and validation in detail and explicitly refers to the FHWA guides (17) . The second, Guidelines for Selecting Techniques for the Modelling of Network Operations (18) , covers the topic of network modeling and has brief descriptions of Aimsun, Paramics, and Vissim. The third, developed by the Roads and Maritime Services of New South Wales, was heavily influenced by a document created by the United Kingdom (19) . It also has a strong emphasis on modeling dynamically controlled signalized intersections in its section on microsimulation. The fourth, Microsimulation Technical Notes, aims to promote consistency in the application of microsimulation, the adoption of state-of-the-art practices by jurisdictions, and the refinement of current software platforms (20) . Specifically, Technical Note 2 of this document summarizes the values of parameters currently used by road agency staff in developing microsimulation traffic models. Key parameter values for the use of Aimsun, Paramics, and Vissim are included in this document.
The New Zealand Transport Agency developed the Economic Evaluation Manual; it touches on microsimulation in the context of land transportation activities (21) . In addition, the New Zealand Modeling User Group, a subgroup of New Zealand's professional engineering institute, has developed a microscopic traffic simulation guide, but it is not publicly available.
Canada has developed a guide that focuses on transportation planning practices (22) . It briefly discusses the use of microsimulation as a part of long-term transportation planning projects. The guide also briefly talks about data collection, calibration, and validation.
The German Transportation Research Board has also prepared a guide about microscopic traffic flow simulation models (23). The importance of calibration and validation is stressed, and a large section is devoted to the topic.
Europe, more generally, through the MULTITUDE project (Methods and Tools for Supporting the Use, Calibration, and Validation of Traffic Simulation Models) (www.multitude-project.eu), has created a guide entitled Traffic Simulation: Case for Guidelines (24) . This guide may be the most comprehensive one available.
Japan has developed a guide on the verification of traffic flow simulation models that has not been updated recently (25) . However, it does not present a typical verification procedure. The guide does not suggest comparisons against empirical data but only theoretical considerations. It also only outlines a procedure for validation.
simulation issuEs addrEssEd
As mentioned in the preceding section, most, if not all, of the existing guides focus almost exclusively on traffic operations. But there are other aspects to a simulation analysis that should also be discussed. Hence, this section reviews the issues that relate to topics that are included in current guides as well as topics that are being treated lightly or not at all.
The guide developed by the MULTITUDE project suggests that the major issues involved in conducting simulation analyses are as follows:
• Definition of the project being examined. The existing technical guides for simulation projects differ considerably in how to define the scope of a simulation project and what steps are required to build the model. They are either too specific or too generic in guiding the user in how to build a simulation project.
• Simulation duration. There are many opinions about how to handle issues such as the time for the model to warm up and cool down. Such issues are discussed in several of the guides (1, 12-14, 17, 23) .
• Transition sections. Many models incorporate extra lengths of road at the beginning and sometimes at the end of a road section.
These sections are needed because the entering vehicles are not immediately in a realistic state and need a certain distance to reach more realistic behavior. At the end of the road section, the sudden disappearance of vehicles can lead to unrealistic effects. Again, most guides neglect to provide guidance for how to define such sections.
• Number of simulation runs. A number of manuals, including Park and Won (4) and Oregon's Protocol (7), cover this issue but not in detail.
• Sensitivity analysis. In the existing guides, there is a lack of coverage of sensitivity analysis. What is called sensitivity analysis is a one-factor-at-a-time analysis approach. Such an approach is likely to produce biased results. However, robust new techniques such as global sensitivity analysis or cluster analysis can be applied without imposing limitations on other methods (26) .
• Calibration and validation. Existing guides provide a variety of definitions for calibration and validation. More formal definitions are necessary.
• Parameter calibration. Another issue that has recently gained the attention of the traffic simulation community is the increasing number of parameters available with which to perform calibration. Commercial traffic simulators typically contain a huge number of parameters to cover different aspects of the simulation model, which makes calibration a daunting task. As a result, many users narrow their attention to a small subset of these parameters. The problem then is how to ensure that the selected parameters are the most pertinent to the objectives of the simulation study. Typically, there is no official procedure to select these critical parameters and thus the ones selected may subjectively appear to be the most important, supported by experience.
• Aggregate versus disaggregate calibration. Aggregate calibration focuses on a limited number of system-level metrics, such as total delay or average speed. Disaggregate calibration focuses on finer-level metrics, such as link travel times and queues. Disaggregate calibration can also be finely grained, to focus on trajectory data.
• Sequential versus simultaneous calibration. In sequential calibration, each model or time period is calibrated individually, whereas in simultaneous calibration, all models and time intervals are calibrated at the same time. Sequential calibration is more practical because it relates to smaller problems, with fewer parameters and less data to consider. Simultaneous calibration offers a more efficient use of data, and it captures interactions between models and time periods more effectively.
• Calibration algorithms. Older studies on calibration generally focus on minimizing the sum of relative error between the observed data from a certain period of time on a typical day and the simulation output for the same period. This static approach can be explained as calibration with data obtained at one point in time. However, this type of calibration cannot capture a realistic distribution of all possible traffic conditions and may produce inaccurate calibration results.
• Supply-side versus demand-side calibration. Traditionally, calibration and validation procedures have addressed the supply side and ignored the demand side. However, both the supply and demand components of the model need to be calibrated.
• Data handicaps. Simulation, especially microsimulation, requires a lot of data, and data acquisition can be expensive and difficult (although this limitation may be changing). There is a clear gap in the literature about what to do when there are limited data for calibration.
• Indexes. Another issue is which indexes to use or not to use for calibration and validation. The topic of goodness-of-fit measures is mentioned in general terms in many guides (1, 5, 7, 17, 19, (27) (28) (29) .
•
simulation issuEs not CurrEntly BEing addrEssEd
Other issues that are related to the existing manuals include the extent to which topics such as safety assessments, emission, public transportation, pedestrian, bicycle, simulation algorithms, agent-based technology, and multimodal simulation are addressed.
safety simulation
Although the potential benefits of a safer transportation system have long been recognized, the incorporation of safety measures of performance into traffic simulation models has been slow. In an attempt to incorporate safety measures, FHWA has developed the surrogate safety assessment model to create surrogate safety measures from traffic simulation packages (30) . The surrogate safety measures proposed in this model include minimum time to collision, minimum postencroachment time, initial deceleration rate, maximum deceleration rate, maximum speed, and maximum speed differential. The surrogate safety assessment model is a post processor to develop surrogate safety measures from vehicle trajectory data generated by traffic simulation tools. An open-standard vehicle trajectory data format was proposed and designed. The proposed trajectory data can be exported from the following traffic simulation software of four corresponding vendors who collaborated on the project: Vissim, Aimsun, Paramics, and TExaS. The surrogate safety assessment model can determine the number and severity of conflicts at each intersection conflict point. The approach could also be used for links, but consideration of the relative dynamics of the target and bullet vehicle would need to be taken into account.
One limitation of existing documents regarding safety simulation is that almost all attempts to simulate safety focus on passenger cars. Studies of accidents involving pedestrians, bicycles, and public transportation are rare. It is believed that road safety simulation models that incorporate surrogate safety measures can be applied to these situations as well. Young et al. covered road safety simulation modeling in more detail (31) .
Emissions simulation
For environmental impacts of transportation operations, and specifically the modeling of emissions, there are different guides and simulation packages. The conventional approach considers emissions impact analysis as a separate process and uses outputs from traffic modeling. Different emissions models have been developed to compute fuel consumption and air pollutants, primarily at a regional scale. Similar to transport models, an emissions model can be macroscopic, mesoscopic, or microscopic according to its detailed characteristics. Aggregate emissions models are normally applied to estimate traffic emission quantity at the network level by considering traffic flow properties such as vehicle fleet composition, average speed, and vehicle travel distance as inputs. There are several wellknown aggregate models, such as MOVES and MOBILE (32) Traffic simulation models and emissions simulation models can be integrated to model the entire environmental system. Because traffic simulation models are commonly grouped into microscopic, mesoscopic, and macroscopic classes, they can be combined with corresponding emissions models for estimation of traffic-induced air pollution at various scales. Microscopic traffic models have been used to compute dynamic emissions quantities of road traffic with microscale emissions models at a local network (36, 37) . Xiaoliang et al. described a computing platform capable of simulating, visualizing, and analyzing air quality impacts of traffic flow by integrating emissions computation with microscopic traffic simulators (including Vissim) (38) . There are no guides that provide the required steps to help practitioners or researchers do these integrations (traffic and emissions). Tools for simulating noise, fuel, and energy consumption are also available.
Public transportation simulation
There has been increasing interest in newer public transportation systems that may have promise in urban networks on the basis of recent development in technology information and real-time algorithms for transit scheduling and routing. Despite the existence of a variety of transportation simulation tools, only a few take into account the specificities of public transportation systems. Little effort has been devoted to developing proper tools for simulating transit system components and their integration with other road users for planning, operational analysis, design, and evaluation.
The transit vehicles that can be represented in current traffic microsimulators include buses, minibuses, light rail trains, trams, and streetcars. To the best of the knowledge of the authors, all comparative analyses of the traffic simulation software have focused on hardware and software requirements, difficulty or ease of network coding, data requirements and appropriateness of defaults, and relevance and accuracy of performance measures of urban traffic systems; the specific requirements for public transportation have not been considered. Most of these packages do not normally provide enough detail to account for the differences in behavior between these particular vehicles and the rest of the traffic stream. The packages also disregard the actual interactions between transit vehicles and passengers. Researchers have attempted to overcome these limitations through the application of programmer interfaces, vehicle-actuated programming, and component object model (39) (40) (41) (42) (45) provide overviews of the features and the role of operations simulation models for rail corridors. NCHRP Report 657 also introduces two software packages widely used in operation simulation of rail corridors (RAILSIM and RTC).
In general, although there are limitations in simulating public transit with existing simulation tools, these tools have the capability to model transit to some extent, and there is value in providing guidelines on how to do that. Other types of vehicles, including taxis and application-enabled ride-sourcing services, should also be considered in future simulation guidance.
Pedestrian simulation
Pedestrian simulation and its integration with traffic simulation are in their early stages of development. It is sensible to think ahead to provide a manual on how to model and calibrate and validate pedestrian behavior. To the best of the knowledge of the authors, the only guide for pedestrian simulation is the Transit Capacity and Quality of Service Manual, which focuses on pedestrian simulation only at transit stops (45) . Chapter 10 of this manual contains some general guidelines for simulation of pedestrians at transit stops, stations, and terminals (45) .
Existing simulation tools are able to simulate pedestrian behavior and their interactions with vehicles to some extent. However, most, if not all, existing simulation guides ignore the need to provide principles and directions on how to use these capabilities.
two-Wheeled simulation: Bicycle
To the best of the authors' knowledge, there is no document that covers the simulation of bicycles. The reason might be that the majority of currently available microscopic simulation tools are limited in their capacity to model realistic bicycle trajectories, especially anticipatory and tactical behavior, as well as interactions between bicycle and motor vehicle traffic. The majority of currently available and widely used microscopic traffic simulation tools focus on the movement and interaction of motorized vehicles. It would be possible to add bicycles to the simulation and model them to some extent, especially at the operational level (e.g., controlling the speed, following the road infrastructure, and maintaining a safe lateral) with existing models and simulation packages. Extended car-following models and continuous approximation are sufficient for simulation tasks that do not require highly accurate simulation of bicycle traffic (46) . At the tactical level (i.e., short-term maneuvers), it is somewhat difficult to use car-following models and continuous approximation models to depict tactical behavior because the path and travel direction of the road users are predefined. The path selection is then modeled with discrete choice models. Therefore, although it is possible to build many situations with these models, it is difficult to include all the possible tactical decisions of the road users (46) . Other two-wheeled vehicles in the traffic stream include scooters and motorcycles.
simulation algorithms
Another limitation of existing materials is the extent to which they cover simulation algorithms. The user of the simulation is expected to have a general knowledge of simulation algorithms to be fully able to use simulation capabilities and to avoid inappropriate usage of the models and inaccurate interpretation of the results. Although there does not appear to be a commonly accepted taxonomy of simulation algorithms, the authors believe that the algorithms can be divided into the following categories:
• Demand: vehicle-generating algorithms (1), traffic assignment algorithms (e.g., dynamic traffic assignment) (1), vehicle interaction algorithms (47, 48) , and calibration algorithms (48) (49) (50) .
• Supply (traffic management): ramp metering (51, 52) , signal control (53, 54) , and incident detection and management (55) (56) (57) (58) .
• Supply and demand interactions: connected vehicles algorithms, vehicle-to-vehicle communications algorithms, and vehicle-toinfrastructure communications algorithms.
• Oversight algorithms: synchronous and asynchronous algorithms that update vehicles' positions, algorithms that pass messages, and algorithms that handle communications failures.
Existing guides cover the demand side of the algorithms to some extent. However, despite a large number of papers dedicated to the supply side and the supply and demand interaction side of the algorithms, they are almost always neglected by existing guides. There is also no guide covering the oversight algorithms.
agent-Based technology
All of the guides that have been developed provide guidance predicated on the simulation tools that are available. It is useful to recognize that these models have limitations. One that was partly addressed through the Next Generation Simulation project is the representation of driver behavior (47) . Traffic simulation models today are based on models that use predefined rules related to the responses or actions that drivers take in response to the environment that they see. However, these rules may not capture natural driving behavior because of the complexity and stochastic nature of the human decision-making process. It is necessary to incorporate realistic behavior to capture the variability in road user performance in real-world conditions.
In recent years, agent-based approaches to traffic simulation have shown that they can capture required details at an entity level and can reproduce relevant realistic phenomena. Agents can be used to represent drivers, vehicles, or other entities. They can be active, heterogeneous entities in an environment representing the road network, where they may exhibit arbitrary complex information processing and decision making. Their behavior, especially that of the agents involved in simulating movement, can be visualized, monitored, and validated at an individual level, leading to new possibilities for analyzing, debugging, and illustrating traffic phenomena.
Using agent-based technology for simulation of transportation systems offers many advantages over traditional or conventional methods. First, instead of complex, central approaches (i.e., traditional or conventional simulation), for which the inclusion of all required details and constraints is not possible, active agents with local perspectives can be used. Second, unlike traditional simulation, in agent-based simulation, agents and their interaction can be defined with high-level abstractions. Third, agent-based technology enables the modeling of complex information processing and decision making, considering multiple factors and dynamic information (including anticipation, group behavior, or learning and adaptive behavior). Fourth, agentbased technology is a prerequisite for vehicle-to-vehicle, connected vehicles, and vehicle-to-infrastructure interactions. Bazzan and Klugl provided an overview of agent-based technology for transportation systems in more detail (59) .
Although there are a large number of papers dedicated to these topics, there is no official guide that provides principles and directions for applying agent-based technology in transportation systems.
multimodal simulation
Recently, the interest in multimodal simulation models has increased considerably, and all transportation system users are included in the simulation. In such models, different transport modes need to be simulated simultaneously, including the interactions between entities using various modes. Emerging technologies that will affect vehicle interactions, including connected and automated vehicle technologies, should also be included. Typical domains of such an application are, for instance, studies on evacuations, public transport, and car sharing. Although some of the available simulation tools, such as MATSim, which is an agent-based simulator (60) , have the ability to model a multimodal large-scale (regional) project, existing guides ignore the need to provide guidance for users to create such models.
ProPosEd transPortation systEm simulation manual
An examination of the current simulation guides shows that there are many similarities among them. Moreover, these documents can be placed into one of three categories:
• Broad guidelines, concepts, and definitions;
• Specific types of projects; and • Specific software products.
Those in the first group contain background material. Such guides provide basic information that an analyst should be familiar with before using any simulation tools; this information includes terms and definitions, applications of simulation, types of simulation models, guidance on when to apply simulation, simulation model elements, stochasticity, model-building process, verification and validation, and common types of algorithms used in simulation. Examples of these documents include Chapter 10, "Traffic Analysis Tools," of the (63) .
Those in the second group focus on a specific type of project. This focus is problematic because different project types have different reporting and calibration requirements, and different software developers advise different methodologies and ordering of actions in calibrating models built with their software. The United Kingdom Highways Agency guide is an example of this group. It focuses mainly on ways to analyze trunk roads.
Those in the third group are product-specific guides. The software packages each have various procedures of modeling the network, the conflict points in the network, the traffic demand in the network, and the vehicle behavior. Another potential problem with these guides is that they can be biased in what tasks can be undertaken and what calibration inputs or criteria are most significant. Examples of this group include documents prepared by software developers and then incorporated by agencies as guides for simulation.
The TSSM proposed here would provide all necessary concepts and definitions, and it would evolve to contain enough guidance for simulation projects and not be specific to a software. The TSSM would cover the issues discussed in previous sections. Following is one potential structure for the outlines of the volumes of the TSSM. It is expected that the outlines for each chapter and section within each volume would cover the identified gaps and limitations mentioned in the paper. The TSSM would strive to motivate interest in transportation analysis, modeling, and simulation, and would aim to present related topics in a technically accurate yet clear manner. The TSSM would also be written to be used by individuals with a variety of professional and technical backgrounds, including engineering, planning, operations, enforcement, and education. This variety of backgrounds implies that the individuals would have different levels of understanding about simulation. To accommodate the needs of various users of the TSSM, one possible organization of the manual is to divide it into the following five volumes: Volume I, Concepts: descriptions of the basic ideas related to simulation and the use of simulation in modeling transportation systems.
Volume II, Model Building: how to develop a model for use in specific contexts, including freeway, arterial, transit, pedestrian, multimodal subnetwork, as well as the demand inputs, the technical details of the communication system, and the scenarios and their frequency of occurrence.
Volume III, Verification and Validation: how to ascertain that a model is ready for use, including verification, validation, calibration, and other preliminary model testing strategies.
Volume IV, Results Analysis: how to develop the results and analyze them. For example, how many model runs to make and how to track the results, analyze the outputs, and ensure that the results are consistent with the study objectives and are defensible.
Volume V, Case Studies and Other Supplementary Material: example case studies, additional guidance documents, and references to other material that would be helpful in showing users how to develop, test, and employ simulation models.
ConClusions and rECommEndations
This paper reviews and analyzes the state-of-the-art guides for simulation for modeling of transportation systems and proposes creation of a TSSM. The review of existing guides shows that most guides, if not all, focus almost exclusively on traffic operations. An overview of the issues in the current guides related to traffic operations was covered. The other issue identified in existing manuals was the extent to which related topics were addressed, including the consideration of safety assessments, emissions, public transit, pedestrians, bicycles, simulation algorithms, agent-based technology, and multimodal simulation. Many existing models and simulation packages have capabilities that are not reflected in the guides reviewed. Many of those models and packages are capable of producing outputs related to environmental impacts, especially those of noise and pollutants. Many can model the interactions of transit vehicles with the rest of the traffic stream, including buses and light rail vehicles. Some can be used to perform safety assessments, some can model pedestrian movements, and some can be used to model bicycles. It is unfortunate that such capabilities are not included in the existing guides. Simulation algorithms are another missing part of the guides, especially in supply side, supply and demand interaction, and oversight algorithms. Agent-based technology is another issue in the existing guides, although the technology is becoming more popular in various applications related to transportation systems, especially in the context of smart cities. There is a need for and great value in taking initiative and providing guidelines covering basics and principles of agent-based technologies related to transportation systems. Multimodal simulation is another missing part of the guidelines; existing manuals seem to ignore the need to provide guidance for the users to create multimodal models.
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